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Petroleum Geology and Resources of Southeastern Mexico,
Northern Guatemala, and Belize By James A. Peterson ABSTRACT Petroleum deposits in southeastern Mexico and Guatemala occur in two main basinal provinces, the Gulf Coast Tertiary basin area, which includes the Reforma and offshore Campeche Mesozoic fields, and the Peten basin of eastern Chiapas State (Mexico) and Guatemala. Gas production is mainly from Tertiary sandstone reservoirs of Miocene age. Major oil production, in order of importance, is from Cretaceous, Paleocene, and Jurassic carbonate reservoirs in the Reforma and offshore Campeche areas. Several small oil fields have been discovered in Cretaceous carbonate reservoirs in west-central Guatemala, and one major discovery has been reported in northwestern Guatemala. Small-to medium-sized oil accumulations also occur in Miocene sandstone reservoirs on salt structures in the Isthmus Saline basin of western Tabasco State, Mexico. Almost all important production is in salt structure traps or on domes and anticlines that may be related to deep-seated salt structures. Some minor oil production has occurred in Cretaceous carbonate reservoirs in a buried overthrust belt along the west flank of the Veracruz basin.
The sedimentary cover of Paleozoic through Tertiary rocks ranges in thickness from about 6,000 m (20,000 ft) to as much as 12,000 m (40,000 ft) or more in most of the region. Paleozoic marine carbonate and clastic rocks 1,000 to 2,000 m (3,300 to 6,500 ft) thick overlie the metamorphic and igneous basement in part of the region; Triassic through Middle Jurassic red beds and evaporite deposits, including halite, apparently are present throughout the region, deposited in part in a Triassic graben system. Upper Jurassic (Oxfordian) through Cretaceous rocks make up the bulk of the Mesozoic regional carbonate bank complex, which dominates most of the area. Tertiary marine and continental clastic rocks, some of deep water origin, 3,000 to 10,000 m (10,000 to 35,000 ft) thick, are present in the coastal plain Tertiary basins. These beds grade eastward into a carbonate sequence that overlies the Mesozoic carbonate complex on the Yucatan platform.
During the past 10 years, about 50 large oil fields were discovered in the Reforma and offshore Campeche areas. Oil is produced from intensely microfractured Cretaceous, Paleocene, and Upper Jurassic dolomite reservoirs on blockfaulted salt swells or domes. Most fields are located in the Mesozoic carbonate-bank margin and forebank talus (Tamabra) facies, which passes through the offshore Campeche and onshore Reforma areas. Oil source rocks are believed to be organic-rich shales and shaly carbonate rocks of latest Jurassic and possibly Early Cretaceous age. At least six of the Mesozoic discoveries are giant or supergiant fields. The largest is the Cantarell complex (about 8 billion to 10 billion barrels (BB)) in the offshore Campeche area and the Bermudez complex (about 8 BB) in the Reforma onshore area. Oil columns are unusually large (from 50 m to as much as 1,000 m, or 160 ft to 3,300 ft). Production rates are extremely high, averaging at least 3,000 to 5,000 barrels of oil per day (bo/d); some wells produce more than 20,000 bo/d, particularly in the offshore Campeche area, where 30,000-to 60,000-bo/d wells are reported.
Tertiary basin fields produce primarily from Miocene sandstone reservoirs. About 50 of these are oil fields ranging from 1 million barrels (MMB) to 200 MMB in size, located on faulted salt structures in the Isthmus Saline basin. Another 30 are gas or gas-condensate fields of a few billion cubic feet to 3 trillion to 4 trillion cubic feet (Tcf) located on salt structures or probable salt structures in the Macuspana, Comalcalco, Isthmus Saline, and Veracruz basins. Source rocks for the gas are believed to be carbonaceous shales interbedded with the sandstone reservoir bodies.
Identified reserves in the southeastern Mexico-Guatemala area, almost all in the Mesozoic fields, are about 53 BB of oil, 3 BB of natural gas liquids, and 65 Tcf of gas. The estimated undiscovered resources are about 78 BB of oil and 24 Tcf of gas. Estimated total original recoverable resources (ultimate) are about 177.5 billion barrels of oil equivalent (BBOE). At least 75 onshore structures and more than 150 offshore structures are yet to be tested.
INTRODUCTION GEOGRAPHY
The petroleum provinces of southeastern Mexico, northern Guatemala, and Belize cover an area of about 840,000 km2 (325,000 mi2), which includes the northern part of Central America and the land and offshore area in and adjacent to the southern Gulf of Mexico (figs. 1, 2, 3; table 1). The region includes the southern Gulf coastal plain, the Yucatan Peninsula and the adjacent offehore area of southern Mexico, the Sierra Madre de Chiapas, approximately the northern half of Guatemala, and Belize. The topography of this region ranges from the sea-level Gulf coastal plain and the generally flat, low-relief Yucatan Peninsula to the high-relief Sierra Madre Oriental, the Sierra Madre de Chiapas, the Sierra Madre del Sur, and the ranges of central Guatemala. Climate ranges from tropical rain forest with precipitation of more than 200 cm/yr (80 in./yr) in central Chiapas and Guatemala to a savannah climate on the Yucatan Peninsula, where precipation ranges from less than 50 cm/yr (20 in./yr) to about 125 cm/yr (50 in./yr). Parts of the area are low lying and swampy, particularly in northern Guatemala and easternmost Tabasco, Mexico. The region lies in the northern equatorial belt between latitudes 15 and 25 N.
SOURCES Of DATA
Data and information used in preparing this report were compiled primarily from Mexican journals and other publications on petroleum geology and general geology of the area. Of particular value were publications by Viniegra-0. (1971 Viniegra-0. ( , 1981 , Lopez-Ramos (1979) , Acevedo and Dautt (1980) , Bishop (1980) , articles from "The Oil and Gas Journal" and "World Oil," and the information files of Petroconsultants, S.A. Additional references are listed in the section "Selected References/' -0., 1971 , 1975a , b, 1981 Mossman and Viniegra-0., 1976; Lopez-Ramos, 1979; Acevedo and Dautt, 1980; Bishop, 1980; and Petroconsultants. ern Chiapas, Mexico. The Veracruz, Isthmus Saline, Comalcalco, and Macuspana basins contain thick deposits of Cenozoic marine clastic deposits ( fig. 4 ) and extend northward into the offshore area of the southern Gulf of Mexico where they merge with the main offshore salt structure province. This coastal plain Tertiary basin province is bounded on the south by the front ranges of the Sierra Madre Oriental and the Sierra Madre de Chiapas fold and fault belt, which contain extensive exposures of thick Cretaceous carbonate rocks, narrow infolded bands of Tertiary clastic rock remnants, and some Cenozoic igneous bodies. The mountainous area to the south (the Sierra Madre del Sur) is an elongate belt of Paleozoic or Precambrian intrusive and metamorphic rocks and of Cenozoic volcanic rocks. This belt includes the Chiapas Massif of Mexico and the fault-bounded igneous and metamorphic province of southern Guatemala. The Peten basin lies north of the Polochic fault zone (which forms the northern boundary of the Guatemalan metamorphic, intrusive, and volcanic belt). This basin includes the Chapayal and north subbasins, which are separated by the east-trending La Libertad anticline (arch) ( fig. 2 ). The Yucatan platform in the northeastern part of the province includes the Yucatan Peninsula and the surrounding shallow-water offshore shelf extending approximately out to the 200-m (650-ft) water depth. The platform is bounded by a steep underwater escarpment, with relief of 2,000 to 3,000 m (6,500 to 10,000 ft); the escarpment is particularly prominent on the northwestern, northern, and eastern sides of the platform. The southwestern part of the Yucatan platform includes the Campeche shelf, which contains the major offshore petroleum deposits of the area. The salt structure province covers a large segment of the southwestern Gulf of Mexico including the offshore Campeche production area ( fig. 3 ) and extends southward onshore to include the main area of Tertiary oil and gas fields in the Isthmus Saline basin and the giant Cretaceous oil fields in the Reforma area ( fig. 2, From Viniegra-0., 1971 , 1975a Dengo and Bohnenberger, 1969, Mossman and Viniegra-0., 1976; Lopez-Ramos, 1979; Bishop, 1980; and Martin, 1980 .
INTRODUCTION
STRATIGRAPHY
The basement complex of the appraisal area consists of Precambrian and lower to middle Paleozoic igneous and metamorphic rocks, which are overlain by a thick section of upper Paleozoic, Mesozoic, and Cenozoic sedimentary rocks (see figs. 4^9) (Viniegra-O., 1971 (Viniegra-O., , 1981 Lopez-Ramos, figure 2 [Number in parentheses following oil or gas field name corresponds to oil or gas field number used in figure 2 Vinson, 1962; Richards, 1963; Viniegra-0., 1971; Burkart and others, 1973; demons and others, 1974; Lopez-Ramos, 1979; and Bishop, 1980 . to 10,000 m (10,000 to 35,000 ft) thick and consists largely of Mesozoic carbonate and evaporite rocks (figs. 10-12). Tertiary carbonate rocks overlie Mesozoic carbonate and evaporite rocks on the Yucatan platform. Mesozoic rocks are thinner in the subsurface of the Gulf coastal plain but are overlain by a thick section of Tertiary marine clastic rocks. The total thickness of the sedimentary cover in the coastal plain basins, primarily of marine Tertiary rocks, is at least 6,000 m (20,000 ft) in most places and ranges as high as 10,000 m (35,000 ft) or more (figs. 13, 14) .
PALEOZOIC
An unknown thickness of marine Paleozoic carbonate and clastic rocks, which are metamorphosed in varying degrees, underlies the Mesozoic in most of the region (figs. 4, 5, 7). These rocks comprise the Santa Rosa Group in Guatemala and eastern Chiapas, Mexico, where relatively unmetamorphosed sequences are present. The Santa Rosa Group consists of marine fossiliferous Permian and Pennsylvanian carbonate, dark shale, and sandstone beds that are considered to have petroleum potential (Garcia, 1973; Bishop, 1980) .
LOWER MESOZOIC
Rocks of late Paleozoic age are overlain unconformably by red beds and conglomerates of the Todos Santos Formation, which grade upward to intertonguing red beds and evaporite deposits, including halite, of probable Middle to Late Jurassic age. The Todos Santos is 1,000 m or more (^3,300 ft) thick in parts of Guatemala, Chiapas, the coastal plain, and offshore Campeche areas ( fig. 10 ). Clastic source areas for these sediments were the Chiapas Massif and uplifts in southern Guatemala, Belize, and possibly eastern Yucatan. The conglomerate facies is thickest in Guatemala and southeastern Chiapas, where it is observed to fill grabenlike troughs of probable Triassic age.
The known or projected distribution of pre-Oxfordian Jurassic salt and the area of important salt structures are shown in figure 10 . The precise age and the original depositional thickness of the salt section are not known; it may have been deposited at different times in the early Mesozoic basins of southern Mexico and Guatemala ( fig. 4) . Thickness patterns must have been influenced by the position of local areas of subsidence, such as the early Mesozoic grabenlike troughs where large thicknesses of both red beds and salt probably accumulated. Some authors believe that the present distribution of known salt structures generally coincides with the areas of greater salt deposition (Bishop, 1980) . Viniegra-O. (1981) shows five areas of maximum salt accumulation, two of which are offshore and three onshore in eastern Veracruz, Tabasco, and Chiapas, Mexico.
UPPER JURASSIC
Upper Jurassic beds are as much as 1,000 m or more (^3,300 ft) thick ( fig. 11 ) and represent the early development (Oxfordian) of the platform carbonate facies that dominated the area through the remainder of Mesozoic time (Great Carbonate Bank of Yucatan) (Viniegra-O., 1981) . The exact distribution of the Upper Jurassic platform carbonate belt is not known, but the platform facies has been penetrated in the Reforma and offshore Campeche wells. The facies also may be present around the border of the Yucatan platform and may extend westward along the south flanks of the Isthmus Saline and Veracruz basins and probably into eastern Chiapas and central Guatemala. This section contains a substantial thicljiess of oolitic and bioclastic carbonate beds similar to the limestone facies of the Smackover Formation of the U.S. Gulf Coast and northern Mexico. Back-bank evaporite beds, possibly including some halite, are present in Guatemala and eastern Chiapas.
In the coastal plain and offshore Gulf of Mexico, the carbonate bank facies grades into and is overlain by organic-rich, deeper water black shale and shaly limestone beds. The upper part of this section extends southward into Chiapas, and possibly Guatemala, and is believed to be the main sourcerock section for oil in the Reforma and offshore Campeche fields.
CRETACEOUS
Shelf carbonate rocks of Cretaceous age as much as 3,000 m or more (^10,000 ft) thick make up the major part of the Great Carbonate Bank of Yucatan (figs. 4, 12) . Three carbonate facies, similar to those of the Tampico basin-Golden Lane area, have been recognized (Viniegra-O., 1981) in the southeastern Mexico region: (1) the El Abra facies, which includes the relatively narrow platform-edge reef belt and the associated widespread back-reef fine-grained carbonate and evaporite beds, (2) the Tamabra facies, which comprises a relatively narrow belt of forereef talus or slump breccia on the seaward border of the El Abra facies, and (3) the Tamaulipas facies, a deeper water basinal facies of fine-grained argillaceous limestone and limy shale. The back-reef El Abra facies occupies the entire Yucatan platform, much of Guatemala, and the Sierra Madre de Chiapas. The main reef belt of this facies is believed to be present around the entire periphery of the platform as far south as northern Belize. From here, its distribution is not well known, but it may extend to the west from Belize across Guatemala and the Sierra Madre de Chiapas in more than one belt (Viniegra-O., 1975b (Viniegra-O., , 1981 Bishop, 1980; Garcia, 1978) . The reef and forereef breccia facies passes through the offshore Campeche area and continues along the platform border through the Reforma area. From there, it is projected to continue westward along the southern border of the Isthmus Saline and Veracruz basins (Viniegra-O., 1981) . The reef rocks of the El Abra facies are composed of rudist, coral, and other shell debris and are commonly dolomitized, particularly in the western Yucatan and Reforma areas. These beds are similar in composition to the Edwards and associated reef facies of the U.S. Gulf of Mexico area and northern Mexico. Reef growth was greatest in the "middle" Cretaceous (Aptian-Albian and Cenomanian), which is overlain unconformably by Upper Cretaceous beds. The unconformity represents a period in which the Cretaceous reef section underwent widespread emergence, karstification, possibly dolomitization, and erosion, with the consequent development of erosional debris accumulations, particularly on the seaward side of the reef belt. At this time, a carbonate detritus or calcarenite fan was deposited in the Reforma area (Viniegra-O., 1981) , where these beds make up an important part of the productive reservoir section. The Tamabra reef-talus facies has been recognized in the subsurface of the Reforma and offshore Campeche districts, where it is a major reservoir facies. The facies is projected to be present along most of the oceanward border of the reef belt. The Tamaulipas basinal facies is reported in wells in the northern part of the Reforma and the western part of the Campeche productive areas and is believed to be widely distributed in the Gulf of Mexico basinward of the reef facies.
Rocks of Late Cretaceous age (Agua Nueva, San Felipe, and Mendez Formations) are mainly pelagic marine marl and calcareous shale in the Mexico coastal plain region. To the south, in the Sierra Madre de Chiapas and central Guatemala, part of the Upper Cretaceous section is absent in places because of Cenozoic erosion. However, fossiliferous bank carbonate deposits are recognized in outcrops and in the subsurface in Guatemala and Chiapas, and shelf limestone, dolomite, and anhydrite beds are present in Yucatan, indicating the continued deposition of the El Abra facies during this time. Nearshore clastic beds are reported at the top of the Cretaceous (Campanian-Maestrichtian) in Guatemala and southern Chiapas (Bishop, 1980) , and Paleocene clastic rocks locally overlie "middle" Cretaceous carbonate rocks in the Reforma subsurface (Viniegra-O., 1981) .
TERTIARY
Rocks of Tertiary age are believed to be as much as 8,000 to 10,000 m (25,000 to 35,000 ft) thick in the coastal plain and nearby offshore Gulf area of Tabasco and Veracruz (figs. 13, 14) . In this area, Tertiary beds are primarily a fine-grained offshore marine clastic facies, which grades southward into coarser grained marine sandstone, conglomerate, and shale in the Veracruz, Isthmus Saline, and Macuspana basins and finally to coarse-grained continental and nearshore marine beds in the Sierra Madre provinces of Veracruz and Chiapas and in central Guatemala (figs. 13, 14) . Thick, lower Tertiary, deepwater beds with turbidite deposits are common toward the basin centers. This facies grades upward to shallowwater nearshore deposits in the Miocene, which contain the main reservoir sand facies in the coastal plain basins.
Tertiary beds are absent in much of the Sierra Madre and Guatemala areas because of middle to late Cenozoic erosion but are preserved in elongate northwest-trending downwarped belts in the fold and fault belt of Chiapas. Mixed continental and marine beds of early and late Tertiary age are described in outcrop areas north of the Chiapas Massif (Frost and Langenheim, 1974; LopezRamos, 1979 ) and in Guatemala (Vinson, 1962; demons and Burkart, 1971; Burkart and , 1971 Garcia, 1978; Lopez-Ramos, 1979; and Acevedo and Dautt, 1980 . Main oil fields and deep wells are shown.
PETEN
Lithologic explanation on figure 5. From Vinson, 1962; Richards, 1963; Viniegra-0., 1971 Viniegra-0., , 1981 Anderson and others, 1973; Burkart and others, 1973; Lopez-Ramos, 1975; Wilson, 1974; and Bishop, 1980 . From Viniegra-0., 1965; Mossman and Viniegra-0., 1976; Cruz-Helu and others, 1977; and Lopez-Ramos, 1979 .
CO FIGURE 9. Northwest-southeast structural-stratigraphic cross section E-E', Sigsbee Knolls area to Yucatan Peninsula.
Main oil fields and deep wells are shown.
Lithologic explanation on figure 5. From Lopez-Ramos, 1975 Watkins and others, 1976; Martin, 1980; and Viniegra-0., 1981. f SANTOS""RED BEDS 150 km FIGURE 10. Approximate thickness in meters, partly restored, of pre-Oxfordian Jurassic and Triassic rocks, southeastern Mexico, Guatemala, and Belize. From Viniegra-0., 1971 Viniegra-0., , 1975a Viniegra-0., , 1981 Lopez-Ramos, 1975 Bishop, 1980; Martin, 1980 Martin, . 1973 . Restored-thickness maps indicate that original depositional thickness of lower Tertiary rocks (Paleocene, Eocene, and Oligocene) was greatest in a northwest-trending elongate foredeep trough north of the Chiapas Massif (>5,000 m or > 16,000 ft), whereas the upper Tertiary (Miocene and younger) beds are thickest (>6,000 m or >20,000 ft) in the coastal plain area of Tabasco (figs. 13, 14) . These thickness relations are compatible with the concept of a northward-shifting depositional axis as the Laramide tectonic belt developed.
The Tertiary clastic facies becomes progressively more calcareous toward the east. On the Yucatan platform, Tertiary beds are primarily carbonate rocks and marls with some evaporite deposits. These beds represent continued building of the great carbonate bank of Yucatan during the Tertiary. The platform-edge reef belt of the platform border remained in essentially the same position during Tertiary time, and reef growth continued in much of the belt into Holocene time. Paleocene and possibly Eocene reef and forereef 14 EXPLANATION Oil Accumulation, Upper Jurassic Rocks FIGURE 11. Approximate thickness in meters, partly restored, Upper Jurassic Oxfordian through Tithom'an rocks, southeastern Mexico, Guatemala, and Belize. From Viniegra-0., 1971 Viniegra-0., , 1975a Viniegra-0., , 1981 Lopez-Ramos, 1975 Bishop, 1980; and Martin, 1980. talus facies have been penetrated in offshore Campeche wells, where these beds make up an important part of the reservoir facies. The Tertiary carbonate facies covers the entire Yucatan platform and grades westward to fine-grained, deeper water clastic rocks west of the Campeche shelf and approximately along the eastern border of Tabasco. Southward, the carbonate facies grades into clastic beds just south of the La Libertad arch in Guatemala ( fig. 13 ). Upper Tertiary rocks are absent on much of the Yucatan Peninsula, apparently owing to post-Oligocene emergence.
STRUCTURE
The structural complexity of the southeastern Mexico, Guatemala, and Belize area has evolved through at least seven episodes of tectonic activity (Viniegra-O., 1971 (Viniegra-O., , 1981 Bishop, 1980; Dengo and Bohnenberger, 1969; Paine and Meyerhoff, 1970) :
Oil Accumulation, Cretaceous Racks FIGURE 12. Approximate thickness in meters, partly restored, total Cretaceous rocks, southeastern Mexico, Guatemala, and Belize. From Vinson, 1962; Richards, 1963; Viniegra-O., 1971 Viniegra-O., , 1975a Viniegra-O., , 1981 Burkart and others, 1973; Anderson and others, 1973; Wilson, 1974; Lopez-Ramos, 1975 Mora and others, 1975; and Bishop, 1980. 1. Middle Paleozoic (Devonian?) tectonic and igneous activity with batholith emplacement in the Chiapas metamorphic complex (Guzman and de Cserna, 1963 Castillo, 1955; Vinson, 1962; Viniegra-0., 1965 Viniegra-0., , 1971 Viniegra-0., , 1975a Burkart and others, 1973; Frost and Langenheim, 1974; Mossman and Viniegra-O., 1976; Cruz-Helu and others, 1977; and Lopez-Ramos, 1979. 5.
Mexico, Guatemala, Belize, and the Yucatan platform occurred, with associated deposition of the thick platform carbonate sequence. In Chiapas and Guatemala, a narrow foredeep immediately north of the southern land mass was present during Jurassic and Early Cretaceous time. Possible "middle" Cretaceous orogeny and igneous intrusion along the Sierra Madre del Sur belt (Paine and Meyerhoff, 1970 Castillo, 1955; Vinson, 1962; Viniegra-0., 1965 Viniegra-0., , 1971 Viniegra-0., , 1975a Burkart and others, 1973; Frost and Langenheim, 1974; Mossman and Viniegra-0., 1976; Cruz-Helu and others, 1977; and LopezRamos, 1979. 7. Late Tertiary widespread epeirogenic tectonic activity, not as intense as earlier episodes, with further development of normal or strike-slip fault systems, followed by volcanism in the Sierra Madre del Sur. Strong subsidence of the Gulf Coast Tertiary basins occurred with deposition of several thousand meters of clastic sediments, mainly of Miocene age. Final growth of salt pillows and diapirs probably occurred at this time. The pre-Pennsylvanian tectonic history of the area is poorly known. Guzman and de Cserna (1963) , Lopez-Ramos (1969) , Dengo and Bohnen-berger (1969) , and Viniegra-0. (1971) postulated a Paleozoic miogeosynclinal province (Huasteca geosyncline) extending southeast across eastern Mexico and continuing eastward across Guatemala. The southwestern part of Mexico and the southern border of Guatemala are thought to have been an emergent land mass during most of pre-Pennsylvanian time, generally occupying the present belt of the Sierra Madre Occidental and Sierra Madre del Sur. Much of this miogeosynclinal province is now buried beneath a thick section of Mesozoic and Tertiary rocks. Pre-Pennsylvanian rocks are highly metamorphosed, and little is known of the Pennsylvanian and Permian sequence except for a few outcrops and well penetrations in eastern Chiapas and Guatemala. The Yucatan platform, which has a pre-Mesozoic igneous and metamorphic basement, may have been a separate block that came to its present position sometime during late Mesozoic and Tertiary time. The subdivision of southeastern Mexico and Guatemala into tectonic provinces is difficult due to overlapping tectonic patterns, differences in tectonic history, and lack of data in some areas. Agreement and consistency are not found in the literature, but the area in general can be subdivided into about eight main structural provinces, which, in varying degrees, have relatively distinct structural styles.
SIERRA MADRE DEL SUR
The Sierra Madre del Sur province, which is an extension of the Sierra Madre Occidental of northern and central Mexico, includes the mountain ranges along the Pacific side of southern Mexico and extends eastward across southern Guatemala south of the Polochic fault zone ( fig. 3 ). This uplifted belt is the ancestral core of northern Central America and is composed mainly of metamorphic, granitic, and volcanic rocks, as well as some remnant belts of Paleozoic and Mesozoic sedimentary rocks. During much of its geologic history, the belt was above sea level and was a major clastic source area in the Mesozoic, the Cenozoic, and probably part of the Paleozoic. In southern Chiapas, the Sierra Madre del Sur is dominated by the Chiapas Massif. In Guatemala, the volcanic ranges and plateaus and the Pacific volcanic chain occupy the southern part of the province.
SIERRA MADRE ORIENTAL
The Sierra Madre Oriental mountain chain is an extension of the main belt of early Cenozoic folding and thrust faulting in northern and east-central Mexico. It lies along the western border of the Veracruz basin, merges with the Sierra Madre de Chiapas in central Chiapas State, and continues eastward to include the ranges immediately north of the Polochic fault zone in Guatemala and Belize. The entire belt consists mainly of uplifted thick Cretaceous carbonate rocks that are tightly folded and thrust faulted toward the Gulf of Mexico. Some outcrops of upper Paleozoic rocks present in southeastern Chiapas and Guatemala and lower Tertiary clastic rocks occupy elongate northwestsoutheast troughs within the folded belt. In Chiapas, the Sierra Madre de Chiapas is separated into the southeast-trending Chiapas synclinorium, which lies just north of the Chiapas Massif (figs. 4, 5), and the Chiapas anticlinorium; the latter extends southeast across north-central Chiapas and continues eastward into central Guatemala (Chiapas-Guatemala tectonic belt). The Laramide fold and thrust belt also is cut by many normal faults and by southeast-or east-trending left-lateral transcurrent fault zones with horizontal displacements as great as several kilometers (Viniegra-0., 1971 (Viniegra-0., , 1981 Lopez-Ramos, 1979) . The Chiapas synclinorium contains erosional remnants of thick lower Tertiary continental beds that were deposited in a narrow foredeep north of the Chiapas Massif during the Laramide tectonic cycle ( fig. 5 ). The Chiapas anticlinorium is characterized by a complex system of high-angle thrust or reverse faults and elongate southeast-trending folds recumbent toward the northeast; the folds become wider and gentler in the northwestern part of the belt.
The Chiapas anticlinorium merges northeastward into an intermediate structural zone of less intense folding, which lies between the Yucatan platform and the Sierra Madre de Chiapas. The intermediate structural zone extends eastward into the Chapayal subbasin and the west extension of the La Libertad arch in the Peten basin. The Sierra Madre de Chiapas belt narrows toward the northwest against the Chiapas Massif and is separated from the main Sierra Madre Oriental by the left-lateral Salina Cruz fault. This fault also displaces the northwest part of the Chiapas Massif and continues northward across the isthmus near the boundary between the Veracruz and Isthmus Saline basins; at this point, the fault is downdropped on the west by several hundred meters (Salas, 1967) .
YUCATAN PLATFORM
The Yucatan platform lies approximately between latitude 18 and 24 N. and between longitude 86 1/2 and 92 1/2 E. (fig. 3) . It is bordered on the west, north, and east by a steep underwater escarpment that begins approximately at the 200-m (650-ft) water depth contour. The southern boundary is not well defined; some authors extend it as far south as the La Libertad arch, others to about latitude 18 N., just north of the Guatemala border. The latter boundary appears to be near the approximate north edge of the north subbasin of the Peten basin and seems to be a more logical choice ( fig. 7) . The offshore eastern border of the platform is very abrupt and is probably controlled by a zone of north-trending vertical step faults downdropped to the east into the deep Yucatan Channel. The western and northern borders of the platform also may be controlled by vertical fault systems, although information about the deep subsurface in the offshore area is not available. The Campeche bank, which includes the offshore Campeche oil fields, forms the southwestern segment of the platform; it is bounded on the west by the steep-sided Campeche submarine canyon and on the south by an east-west fault zone forming the northern border of the Comalcalco and Macuspana basins. The southwestern corner of the platform is bounded by the deep Tertiary Macuspana basin. The platform border there probably is also fault controlled (Bishop, 1980) , although data about the subsurface are not available.
Mesozoic rocks rest on a basement of metamorphosed Paleozoic sedimentary and igneous rocks that are structurally highest in the northeastern part of the Yucatan Peninsula. From there, the platform is tilted toward the west ( fig.  6 ), resulting in westward thickening of the Mesozoic and Tertiary sedimentary cover from about 600 to 1,000 m (2,000 to 3,300 ft) in northeastern Yucatan to more than 6,500 m (21,000 ft) in the offshore Campeche area on the west side of the platform (Vmiegra-0., 1981) . Except for the eastern border, the sedimentary cover on most of the Yucatan Peninsula is only mildly disturbed. Exceptions are a northwest-trending fault zone (the Sierra de Ticul) in the north-central part of the peninsula and a north-to northeast-trending fold and fault zone (the Sierra de Bolonchan) in central Campeche State in the southwestern part of the peninsula ( fig. 3 ).
GULF COAST TERTIARY BASINS
The Gulf Coast Tertiary basins consist of a belt of thick Tertiary sedimentary rocks north and northeast of the Sierra Madre Oriental front and occupy the general position of the coastal plain in the States of Veracruz, Tabasco, and western Campeche ( figs. 1, 3) . On the basis of subsurface exploration, the coastal plain region has been subdivided into several basins, although in some places basin boundaries are not clearly defined.
Veracruz Basin
The Veracruz basin is a deep Tertiary downwarp with more than 8,500 m (28,000 ft) of Paleocene through Holocene sedimentary rocks in its southeastern part (Cruz Helu and others, 1977) . The basin is bounded on the southwest by the Sierra Madre Oriental fold and thrust belt and is separated from the Tampico basin on the north by the Teziutlan Massif (Santa Ana uplift) (figs. 3, 8) . The basin opens into the Gulf of Mexico basin toward the northeast and merges with the Isthmus Saline basin near the Tuxtla Massif.
The subsurface structure of the southwestern flank of the basin is dominated by a buried thrust plate of Mesozoic carbonate rocks; the plate consists of westward-dipping and closely spaced imbricate thrust sheets and tight folds (Mossman and Viniegra-0., 1976) . Toward the basin center, the leading edge of the buried thrust plate is as deep as 3,500 m (11,000 ft) and is marked by a high-angle reverse fault. From there, the thrust plate is progressively overlapped southwestward by marine and nonmarine clastic beds ranging in age from Eocene to Holocene. Toward the southeast, it merges with the exposed overthrust front of the Sierra Madre Oriental. East of the buried thrust plate, a narrow grabenlike trough runs parallel to the thrust front. This trough, containing more than 6,000 m (20,000 ft) of Tertiary rocks, appears to mark the axis of the basin. To the east beyond the trough, steeply dipping faults downthrown toward the Gulf of Mexico are pre-20 sent. Many local folds also are present in the basin, some of which may be related to deep-seated salt structures or shale diapirs. Beneath the main thrust belt, Viniegra-O. (1981) postulates that major folds involving salt structures overlain by Mesozoic rocks may occur at depth beneath the buried thrust plate (fig. 8 ). The age of the thrust faulting is thought to be Eocene, and the main overthrust plate is cut by numerous left-lateral transcurrent vertical faults, probably also of Eocene age, which are oriented perpendicular to the thrusts (Mossman and Viniegra-O., 1976) . Similar transcurrent fault zones have been observed in outcrops in the Sierra Madre Oriental on the southwestern border of the basin (Viniegra-O., 1965).
Isthmus Saline Basin
The Isthmus Saline basin lies east of the Veracruz basin and is bounded on the south by the Sierra Madre Oriental and on the east by the Reforma shelf or the Villahermosa horst ( figs. 2, 3) . The basin extends northward offshore into the Gulf of Mexico shelf and merges to the northeast with the Comalcalco basin. Structures in the basin include many complexly block-faulted salt domes or massifs that are at shallow depths (about 100 to 1,000 m or 325 to 3,250 ft) in the western part of the basin and are deeper and more widely spaced in the eastern part. Most salt structures are relatively broad, high-relief features with salt rise on the order of 1,000 to 3,000 m (3,300 to 10,000 ft) to as much as 5,000 m (16,000 ft). Piercement structures are common in the western part of the basin; in some cases, rocks as old as Eocene, Cretaceous, or Jurassic have been brought to shallow depths or are exposed at the surface. The age of salt uplift is unknown; estimates in the literature range from Laramide (Late Cretaceous-early Tertiary) to Miocene.
Comalcalco Basin
The Comalcalco basin is an area of thick Tertiary sedimentary rocks oriented northeast-southwest along the Gulf coastal plain and extending into the offshore area north of the Reforma shelf ( fig. 3) . To the west, it merges with the Isthmus Saline basin and to the northeast with the northern extension of the Macuspana basin. The northern limit may be defined by an east-trending fault zone marking the southern boundary of the Campeche shelf. Numerous anticlines or domes are present that may be related to deep-seated salt structures. The basin contains a great thickness of Tertiary rocks; minimum depth to the Cretaceous is about 6,000 to 7,000 m (20,000 to 23,000 ft).
Macuspana Basin
The Macuspana basin is bounded on the west by the Villahermosa horst and extends offshore to the north where it apparently merges with the eastern extension of the Comalcalco basin ( figs. 2,  3) . The southern and eastern boundaries are not well defined. The basin appears to terminate at the northern boundary of the Sierra Madre de Chiapas. Eastward, it may merge with the southwestern corner of the Yucatan platform, although Acevedo and Dautt (1980) indicate that the eastern border is a northeast-trending fault zone. Some evidence suggests that the thick Tertiary section defining the basin may extend eastward or southeastward into the northern segment of the Peten basin in Guatemala (figs. 7, 13, 14) . Numerous domal and anticlinal structures are present in the Macuspana basin and may represent deep-seated salt structures, although salt has not been penetrated by wells except in the extreme southern part of the basin. These structures generally are oriented northeast-southwest in the northern part of the basin and more easterly in its southern part.
REFORMA SHELF
The Reforma shelf (Jalpa Anticlinorium of Viniegra-O., 1981), which includes the main Mesozoic productive area in northwestern Chiapas and southwestern Tabasco, occupies the southern part of the Villahermosa horst. This feature is a northnortheast-trending block oriented roughly parallel with the west coast of the Yucatan Peninsula (figs. 2, 3, 5). The general structure of the horst block is that of a shelf tilted toward the north and west and cut by numerous northwest-trending steeply dipping normal faults. These form a system of horst and graben structures, which are accentuated by closely faulted salt swells and are down stepped to the north into the Comalcalco basin ( fig. 5 ). The detailed structural pattern is very complex, as the rocks also are cut by southwestdipping reverse faults and by northwest-trending wrench faults with left-lateral displacements (Acevedo and Dautt, 1980; Viniegra-0., 1981) . The Reforma shelf, which lies immediately north of the Sierra Madre front, makes up the southern part of the Villahermosa horst and is interpreted by Viniegra-0. (1981) to be the downfaulted northwesterly plunging nose of the Chiapas anticlinorium. It may be related to the system of northwest-oriented left-lateral wrench faults identified in surface mapping in the Sierra Madre de Chiapas (Viniegra-0., 1971 (Viniegra-0., , 1981 Lopez-Ramos, 1979) , which have also been identified in the Reforma subsurface. Left-lateral movement on the wrench faults during the orogeny may have offset the Mesozoic carbonate-bank sequence northwesterly in the Reforma area. Concurrent sediment loading and downwarping north of the rising Sierra Madre de Chiapas resulted in salt movements that produced the horsts and grabens of the Villahermosa horst. The Villahermosa horst underwent relatively continuous growth throughout the Tertiary, perhaps in part a consequence of great sediment loading and downwarping in the Tertiary Macuspana, Comalcalco, and Isthmus Saline basins. In contrast, Tertiary rocks are considerably thinner in the Reforma area than they are in the basin areas on its west, north, and east flanks.
CAMPECHE SHELF
The offshore Campeche area of recently discovered giant oil fields is referred to by Viniegra-0. (1981) as the "Campeche shelf." The exact boundaries of this province are not yet known; it lies along the western border of the Yucatan platform and is bounded on the south by an east-trending zone of normal and possibly strike-slip faults downdropped to the south ( figs. 3, 6 ). On the west, the shelf drops abruptly into the Campeche submarine canyon at about the 200-m (650-ft) water depth, and on the north it merges with the main scarp of the platform border. The overall structure is that of a shelf tilted toward the west and cut by north-trending normal faults that form a system of horsts and grabens accentuated by salt pillows similar to those on the Reforma shelf. The detailed structure on the productive section is similar to that at Reforma; it is complicated by severe faulting and fracturing due to salt movement, as well as by numerous southwest-dipping reverse faults and some left-lateral wrench faults.
OFFSHORE SALT STRUCTURE PROVINCE
The main offshore salt structure province in the Gulf of Campeche is a complex of salt domes, ridges, and large salt massifs mobilized mainly by sediment loading (Martin, 1980) . Salt structures in the onshore coastal plain province along the south border of the Gulf of Campeche are much smaller in diameter and are mainly high-relief domes and anticlines. Mobilization of the salt may have been initiated as early as the Late Cretaceous by sediment overburden (Contreras and Castillon, 1968; Salas, 1967; Bishop, 1980) or by combined overburden and Laramide compressive stresses directed from the southwest (Viniegra-0., 1981). Salt uplift must have continued during deposition of the thick clastic sequence of Paleocene, Eocene, and Oligocene ages in the coastal plain area but may have been near completion some time during the Miocene, as suggested by the presence of Miocene beds, although thinned, over most of the domal structures. Some authors, however, propose that salt structure growth continued from late Mesozoic through late Tertiary time (Ladd and others, 1976; Martin, 1980) .
PETEN BASIN
The Peten basin lies south of the Yucatan platform, occupying most of northern Guatemala and part of the State of Chiapas, Mexico (figs. 3, 7). Its southern boundary is the east-trending Polochic fault zone. The northern limit is uncertain because of lack of subsurface control, but its eastern limit is reasonably well defined by the Maya Mountains block in Belize although to the south the basin opens eastward into the Caribbean through the Sartsun portal. On the west, the basin province merges with the Chiapas anticlinorium and the adjacent intermediate structural province to the north. The Peten basin is divided by the east-trending La Libertad arch into a northern segment (the "north basin") and a larger southern segment designated as the Chapayal basin by some authors. Subsurface control is lacking, but some evidence indicates that the north subbasin may open westward into the southern part of the Macuspana basin, perhaps through an east-west grabenlike trough. The La Libertad arch dominates the internal structure of the basin, but several large subsidiary folds in the main basin areas and salt pillows or piercement domes in the south segment also are reported (Bishop, 22 1980 ). Some evidence indicates that salt of Early Cretaceous or Jurassic age may lie at depth in the north basin area and that salt structures also may be present (Lopez-Ramos, 1973 fig. 2) . Most of these fields are on salt structures or on anticlines and domes that may be related to deep-seated salt structures.
The possibilities for Mesozoic oil in southeastern Mexico had long been considered by Pemex geologists (Guzman and others, 1955; LopezRamos, 1979; Viniegra-0., 1971 Viniegra-0., , 1981 . Abundant oil seeps were known along the front of the Sierra Madre de Chiapas, and in 1960 oil was found in Lower Cretaceous dolomite reservoirs at the Cerro de Nachital field (later abandoned), located in the southern part of the Isthmus Saline basin near the Sierra Madre de Chiapas front ( fig. 2) . Active exploration for Mesozoic oil in the southeastern Mexico area began during the 1960's and resulted in drilling of several wells in the Sierra Madre de Chiapas province and on the Yucatan Peninsula. None of these wells was productive from Mesozoic rocks, but the stratigraphic information gained from the drill holes led to the identification of Cretaceous reef and backreef facies, similar to those present in the Tampico basinGolden Lane area. An active geophysical exploration program was then undertaken to the north in the coastal plain area, which resulted in the mapping of several deep seismic structures near Villahermosa, Tabasco State. Subsequent drilling there led to the discovery in 1972 of the Sitio Grande and Cactus oil fields, producing from Cretaceous carbonate reservoirs of the Sierra Madre Limestone (Acevedo and Dautt, 1980; Viniegra-O., 1981) .
The Reforma discoveries were followed by discoveries in the offshore Campeche area, which had been explored by extensive marine seismic surveys that identified a large number of structures on the offshore Campeche shelf. Chac No. 1, the discovery well in 1976, produced 20° API (American Petroleum Institute) oil from a Paleocene dolomite breccia reservoir and bottomed in Jurassic (Oxfordian) carbonate and shale beds.
TERTIARY CLASTIC DEPOSITS
Of the approximately 80 fields that have been found in Tertiary clastic reservoirs in southeastern Mexico, about 50 are oil, or oil and gas, and 30 are gas or gas-condensate fields (figs. 2, 13, 14).
ISTHMUS SALINE AND COMALCALCO BASINS
Fields in the Tertiary Isthmus Saline and Comalcalco basins are oil or combination oil and gas fields. Most of the oil production is from Miocene sandstone and siltstone reservoirs of the Encanto and Concepcion Formations on salt structures (fig.  4) . Most of these fields are small to medium in size, but several are classed as giants (Acevedo and Dautt, 1980) . AD large fields are associated with diapiric salt structures, which are complexly block faulted by salt intrusion (figs. 15, 16).
MACUSPANA BASIN
Most of the Tertiary gas and gas-condensate fields are in the Macuspana basin; all are located on block-faulted domes or anticlines, some of which may be related to deep-seated salt intrusion, although salt has not been penetrated in the basin except in shallower structures in its southern part. Almost all production is from lower Miocene sandstone bodies of the Amate Formation ( fig. 4 ). Some gas also is produced from middle Miocene sandstones of the Zargazal and Encajonada Formations. Three giant gas and gascondensate fields are located in this basin: Jose Colomo (about 3 to 4 Tcf), Chilapilla ( fig. 16 ), and Hormiguero (Acevedo and Dautt, 1980) . Small amounts of oil are produced from Miocene reservoirs in the southern part of the basin.
VERACRUZ BASIN
Of the 8 to 10 small Tertiary gas fields in the Veracruz basin, most produce from sandstone and conglomerate reservoirs of Miocene age near the basin center (Encanto and Concepcion Formations). The productive Miocene reservoirs occur in a conglomerate, sandstone, and shale sequence about 1,000 m (3,300 ft) thick deposited in a deepwater environment (Cruz Helu and others, 1977) . Conglomerate beds are composed of coarse fragments of Cretaceous limestone with some metamorphic and igneous material derived from the uplifted Sierra Madre province to the west. A similar deepwater turbidite facies occurs in the Oligocene and Eocene sequence but is located farther west, closer to the basin border. Some minor production and noncommercial gas shows have also been encountered in these older beds. Average porosity of the Miocene reservoirs is about 6 to 8 percent. The matrix is generally shaly, and permeabilities are not high, but some sandstone beds are as thick as 100 m (350 ft). Exploration success in Tertiary reservoirs in this basin thus far has been disappointing, but the basin is not heavily drilled and is structurally complex. The possibilities for finding large stratigraphic traps may be good (Cruz-Helu and others, 1977).
RESERVOIRS
Miocene reservoirs are primarily discontinuous, regressive-marine, nearshore sandstone and siltstone bodies interbedded and intertongued with marine and brackish-water shale; some carbonaceous and lignitic beds occur in the upper part of the oil-bearing strata (figs. 4, 8). The total Miocene section is at least 5,000 m (16,000 ft) thick in parts of the Isthmus Saline, Comalcalco, and Macuspana basins but is much thinner over salt structures, which probably were growing at this time. Sandstone beds vary greatly in thickness, but some are very thick. Porosities and permeabilities range widely, but porosity values of 15 to 25 percent and intermediate permeability values are commonly reported. In the Jose Colomo field, producing reservoirs of the lower part of the Amate Formation are exceptionally thick, about 200 m (650 ft), and porosity values of 10 to 30 percent are reported. Reserves of this field were reported in 1963 to be about 2.75 Tcf (Beebe, 1968) .
Sandstone and conglomerate bodies interbedded with shale occur in the Paleocene, Eocene, and Oligocene sequence in the southern part of the Isthmus Saline basin and in outcrops along the Sierra Madre front. To date, no important production has occurred in these beds, although oil seeps in outcrops and some shows in wells are reported (Guzman and others, 1955) . In some cases, these beds are tightly cemented and of low porosity. In the basin area, much of this sequence was deposited under deepwater conditions, and most coarse-clastic beds probably are turbidite deposits. Few wells within the Isthmus Saline and Macuspana basins have penetrated these beds; in most cases, they probably are deeply buried in low areas between salt structures but should provide deeper prospects for flank accumulations ondiapiric structures. The sequence becomes more limy toward the east, where reservoir quality is diminished ( fig. 13) 1.
SOURCE ROCKS
Source rocks for most oil and gas in the Tertiary clastic sequence of southeastern Mexico are considered to be shales of the marine and lagoonal Miocene sequence associated with the reservoir sands (Guzman and others, 1955; Guzman and de Cserna, 1963) . However, most of the Isthmus Saline basin fields contain oil or combination oil and gas accumulations, whereas the Macuspana basin fields are gas or gas-condensate fields. This raises the question of possible differences in source rocks. The Isthmus Saline basin fields are associated with complexly faulted diapiric salt structures, whereas the Macuspana basin gas fields are on nondiapiric domes and anticlines. These relations suggest the possibility that the oil deposits in the Isthmus Saline basin fields may not be derived entirely from Tertiary source rocks but may include in part oil that migrated upward from underlying Upper Jurassic or Cretaceous basinal source rock facies into Tertiary reservoir beds on the complexly faulted salt structures.
REGIONAL CAP ROCKS
The thick Tertiary shale sequence interbedded with sandstone reservoir facies provides an effective seal for both structural and stratigraphic ac- 'From Guzman and others, 1955; Contreras and Costillo, 1968; Lopez-Ramos, 1979; Acevedo and Dautt, 1980 . 
TRAPS
Most traps in known Tertiary accumulations are structural, either anticlinal or domal folds or fault traps associated with salt structures. However, distribution patterns and thickness of clastic reservoir facies are also important in determining reserves and production characteristics on indi-
ANALOGS
Probably the best stratigraphic and structural analog for the southeastern Mexico Tertiary basin productive province is the Gulf Coast Tertiary basin of the United States, where many fields are related to similar reservoir, trap, and source rock conditions.
MESOZOIC AND LOWER TERTIARY CARBONATE COMPLEX
The great petroleum potential of southeastern Mexico and Guatemala is directly related to deposition of the "Great Carbonate Bank of Yucatan" (Viniegra-O., 1981) , the thick sequence of reef and bank carbonate and evaporite beds of Late Jurassic (Oxfordian) through early Tertiary age (figs. 11, 12). The bank complex, which is present on the Yucatan platform, in Guatemala, throughout the Sierra Madre Oriental and Sierra Madre de Chiapas, and part of the subsurface to the north, is generally from 1,000 to 2,000 m (3,300 to 6,600 ft) thick and reaches thicknesses of more than 3,000 m (10,000 ft) in Yucatan, Guatemala, and Chiapas.
REFORMA SHELF
After the 1972 discoveries of the Cactus and Sitio Grande oil fields, intensified exploration and development drilling during the next few years resulted in several other significant discoveries and elevated the Reforma area to Mexico's leading oil province. As of January 1981, 36 fields had been discovered, most producing from "middle" and Upper Cretaceous and Upper Jurassic carbonate reservoirs (figs. 2, 17, tables 2, 3) at depths between 4,000 and 6,000 m (13,000 and 20,000 ft) (World Oil, 1981) . Minor production in some of the fields is from Tertiary sandstones. Approximately 75 to 100 onshore structures are yet to be tested (World Oil, 1980) . The new fields are located on the Reforma shelf, a segment of the Villahermosa horst, which separates the Isthmus Saline and Macuspana Tertiary basins. Production in the Mesozoic Reforma fields is primarily from a reef bank-edge dolomitized detrital carbonate facies (the Tamabra facies) on salt pillow or salt swell structures that have caused intense microfracturing of the dolomite reservoirs (figs. 5, 12). Depths to the top of the reservoir section range from 3,800 to 4,500 m (12,000 to 15,000 ft). Regional cap rocks for these fields are Tertiary shales and to a lesser extent Cretaceous shales. The producing column is unusually thick in many of the fields, averaging more than 300 m (1,000 ft) and ranging as high as 900 m (3,000 ft) or more at the Sitio Grande field (fig. 5 ). Matrix porosity averages about 8 to 10 percent, but effective porosity is considerably higher because of intense microfracturing. Permeability values are very high, ranging up to as much as 8,000 mD (Acevedo and Dautt, 1980) . Average production rates are reported to be 3,000 to 5,000 bbl/d; some are as much as 10,000 to 20,000 bbl/d. Gravity of the oils ranges from 25° to 45° API; gas-oil ratios are about 1,500:1. The main source beds for the Mesozoic oils in the Reforma area are organic-rich black shale and shaly limestone beds of Late Jurassic (Kimmeridgian and Tithonian) age (Viniegra, 1971 (Viniegra, , 1981 . Dark-colored, shaly rocks in the Lower and "middle" Cretaceous section may also be the source of some of the oil. As of January 1981, 185 wells were producing 953,394 bbl/d of oil, 133,216 bbl/d of condensate, and 2.038 Ecf/d (billion cubic feet per day) of gas (World Oil, 1981) . The largest of the Mesozoic fields is the A. J. Bermudez complex ( fig. 18) , reported as about 8 BBOE ultimate recoverable reserves (Acevedo and Dautt, 1980) .
CAMPECHE SHELF
Since 1976, about 15 major fields have been discovered on the Campeche shelf, some of which have now been combined into single-field complexes (figs. 2, 6, 19; tables 2, 3). All fields are located on sharply defined and complexly faulted structural domes or anticlines with exceptionally large closures, associated with salt pillows or domes. In most cases, oil columns are very large (50 to >500 m or 160 to > 1,600 ft), and reservoirs are intensely microfractured dolomites of Paleocene and Cretaceous age. Oil saturation is also reported in Uppe* Jurassic sandstones at some of the wells. The stratigraphic section penetrated thus far includes carbonate and clastic rocks of Late Jurassic age, carbonate rocks of Cretaceous and Paleocene age, Eocene carbonate rocks and evaporite deposits, and post-Eocene marls. Bank carbonate beds have been identified in the Jurassic, Cretaceous, Paleocene,and upper Eocene sections. Heavy dolomitization of the carbonate rocks has hampered precise age identification by Pemex geologists, but parts or all of the Cretaceous section apparently are absent in some wells. The major production thus far has been from dolomitized forereef talus (Tamabra) facies, similar to that at Reforma.
The source rocks for the oil in the offshore Campeche province are believed to be the same as those of the Reforma area, primarily post-Oxfordian Jurassic organic-rich black shale and carbonate beds and secondarily Lower Cretaceous dark 93°00' Viniegra-0., 1981.) shale and shaly limestone beds. The proximity of the Jurassic source rock section is believed to be a principal requisite for major oil accumulations in all parts of the section, including those in the Cretaceous and Paleocene reservoirs. Cap rocks for the fields appear to be upper Paleocene shales. The largest accumulation is in' the Cantarell complex (figs. 6, 19, 20, 21) , which includes the Chac, Akal, and Nohoch fields, reportedly containing from 8 to 10 BB of ultimate recoverable proven reserves (Acevedo and Dautt, 1980; World Oil, 1981) . The effective oil column at this complex averages about 800 m (2,600 ft); the thickest encountered so far is about 1,000 m (3,300 ft) at the Nohoch No. 2 well. The combined Abkatun, Kanaab, Taratunich, and Ixtoc structures are predicted to become a second giant complex as drilling progresses (Acevedo and Dautt, 1980) . .__ 800-1,600 m Nearshore marine gray and green shale, sandstone (some pebbly), and siltstone.
Offshore marine gray shale and thin sandstone beds.
Offshore marine shale with thin beds of sandstone.
Marine calcareous shale, minor sandstone beds with limestone fragments breccia at base.
Marine marl, fine-grained argillaceous limestone and thin shale beds; x'line and finegrained limestone and chert in lower part.
Marine platform and basin dolomite and dolomitic limestone, vuggy, with porous dolomitic breccias and fractures; some black chert beds.
Marine dolomitic limestone and dolomite, fractured, porous; some black chert beds.
Marine platform dark gray oolitic, pelletal, and bioclastic limestone, in part dolomitized, with anhydrite and shale beds and much dark brown and gray shale. Mainly marls and shales.
Marine green-gray shale and marl.
Marine green-gray bentonitic shale, some bank carbonate upper part.
Marine shale and limestone breccia underlain by dolomitic brecwith fractured and dissolution cavities (shale in upper part is seal for fields).
Identification of Cretaceous subdivisions is difficult because of dolomitization and intense microfracturing; lithology is x'line dolomite with fractures and dissolution cavities.
Argillaceous limestone, shale, and some sandstone. Oolitic limestone, shale, and dolomite with some anhydrite beds. Dark gray shale, red-brown siltstone, and argillaceous, partly oolitic limestone and sandstone; some dolomite and anhydrite; complete section not penetrated.
Red beds, salt, and anhydrite, grading to red beds to east?
Metamorphosed marine carbonate shale and sandstone? Possibly some intrusive igneous bodies? Some of the oils are relatively low gravity (20° API), particularly in the Cantarell complex, but lighter oils (30° to 33° API) were found in some of the more recently discovered fields (Abkatun, Kanaab, Ku, and Ixtoc) (Acevedo and Dautt, 1980) . Matrix porosity in most of the fields averages somewhat higher than that at Reforma. Because of intense microfracturing caused by salt movement, permeability values are exceptionally high and are somewhat greater than those recorded at Reforma (Viniegra-O., 1981) . Initial production rates are some of the highest ever encountered (30,000 bbl/d at Ixtoc and 50,000 to 60,000 bbl/d at some Cantarell complex wells). As of July 1980, 20 wells were on production at an average per well rate of 32,700 bbl/d (World Oil, 1981) .
Geophysical surveys have identified more than 200 structures in the offshore area. About 20 had been drilled by early 1981, 5 of which were nonproductive. Of these 200 known offshore structures, Pemex estimates that 60 eventually will be productive (World Oil, 1981) .
RUBELSANTO AREA (GUATEMALA)
The central and northern Guatemala and Belize area occupies the distal portion of the early Mesozoic evaporite trough, which extends southeastward from the southwestern Gulf of Mexico (figs. 3, 9). The Cretaceous reef or bank-edge belt that passes through the Reforma-Campeche area and around the offshore periphery of the Yucatan platform ( fig. 12 ) may continue southward across Belize and possibly into south central Guatemala (Viniegra-O., 1971 (Viniegra-O., , 1975b (Viniegra-O., , 1981 Garcia, 1978) . Interest in exploring this reef belt began some time Acevedo and Dautt, 1980.) ago when numerous wells were drilled in onshore and offshore Belize. None of these were productive, and the earlier wells drilled in Guatemala also were disappointing. In 1974, oil was discovered at Rubelsanto in west-central Guatemala, and three other fields since have been found in the vicinity of Rubelsanto (figs. 2, 7). All are apparently on salt structures and produce from the "middle" Cretaceous carbonate and evaporite section. The total recoverable reserves of these fields are small about 50 MMB (World Oil, 1981) . Recently, a significant discovery was announced in the northwestern corner of Guatemala ( fig. 2 ), and this, plus a reported discovery in southeastern Chiapas near the Guatemalan border, adds further interest in the possibilities of the Peten basin.
RESERVOIRS
The important reservoirs in the Mesozoic and lower Tertiary carbonate fields at Reforma and Campeche are in the dolomitized and intensely microfractured high-energy bank-edge (Tamabra) facies of Cretaceous and Paleocene age (figs. 5, 6, 12, 13) . Much of this facies is a brecciated reef-derived talus. Primary porosity is not necessarily high and is related to original pore spaces in reefal organisms and interparticle detritus. Secondary porosity is related to dolomitization, solution cavities, and intense brecciation caused by movement of underlying salt. This facies is projected to be present in the subsurface along the seaward side of the El Abra reef and back-reef bank facies around most of the Yucatan platform and to extend west from Reforma along the southwest flank of the Veracruz basin (Viniegra-0., 1981) . However, according to some authors (Castillo, 1955; Benavides, 1960; Viniegra-0., 1971; Bishop, 1980) , this facies probably was removed by erosion in the western part of the Isthmus Saline basin where all or part of the Cretaceous is thin or missing. It may be present in the subsurface near the southern edge of the basin and in subthrust position at depth adjacent to the Sierra Madre Oriental along the southwestern margin of the Veracruz basin ( fig. 8) .
The lower part of the Sierra Madre Limestone in southern Chiapas is dolomitized, and dolomite also is common in the upper part of the formation (Mora and others, 1975) . Thick beds of crystalline dolomite and thick limestone breccias are reported in the lower part of the Cretaceous outcrop sequence in Guatemala (Hillbank Dolomite and other units) (demons and Burkart, 1971; Anderson and others, 1973; Bishop, 1980) . These breccias were interpreted as possibly intraformational or collapse breccias rather than forereef breccias (Blount and Moore, 1969) . Fractured dolomite beds interbedded with anhydrite in the Peten basin are the reservoirs in the Rubelsanto area oil fields.
Porous and fractured carbonate beds of reservoir quality are common in the Sierra Madre belt of southeastern Mexico and Guatemala and on the Yucatan Peninsula. However, throughout most of this tropical rain forest area, parts of the thick Cretaceous carbonate sequence are exposed and probably flushed by meteoric waters. In the subsurface of eastern Chiapas and Guatemala, however, carbonate units are interbedded with anhydrite, or a Tertiary cover is present. Flushing should be less effective here, and impermeable seals are also present for trapping petroleum.
Upper Jurassic (Oxfordian) bank carbonate beds were penetrated by several wells at Reforma and offshore Campeche, where oil-saturated reservoirs of dolomitized oolitic and bioclastic units are reported. This facies, as much as 500 to 1,000 m or more (1,600 to >3,300 ft) thick ( fig. 11) , is similar to the Limestone facies of the Smackover Formation of the U.S. Gulf Coast and the Zuloaga Limestone of northern Mexico. Its areal extent in southern Mexico and Guatemala is speculative, but it may underlie much of the area where the the Cretaceous El Abra-Tamabra bank margin and talus facies are present.
SOURCE ROCKS
The organic-rich black shale and limestone source-rock facies of Late Jurassic (KimmeridgianTithonian) age in the Reforma and offshore Campeche areas may be present throughout much of the main salt area in the Gulf Coast basins and along the western border of the Yucatan platform. This facies was deposited under restricted basin conditions and thus also may have been deposited in other Mesozoic evaporite basins. A similar facies of the same age overlies a Jurassic evaporite sequence in other parts of the Gulf of Mexico province and may be present in much of the Jurassic salt area in southern Mexico and Guatemala.
Lower Cretaceous dark shale and shaly limestone beds also are probable source beds for oil in Cretaceous and Paleocene reservoirs (Viniegra-0., 1981; Bishop, 1980; Acevedo and Dautt, 1980) . These beds are not as organically rich as those of the Upper Jurassic but, in places, may be of substantial thickness. Because of similarities in depositional history, the distribution of these beds should be similar to that of the Upper Jurassic organic-rich beds. Other potential source beds may include the Tamaulipas facies offshore from the main bank-edge belt, although these beds are not reported to have a significantly high organic content. Similar Upper Cretaceous deeper water beds may be present locally within the main bank carbonate complex and in the foredeep area north of the Sierra Madre del Sur in Guatemala.
REGIONAL CAP ROCKS
The Tertiary shale facies of the Reforma and Campeche areas is present everywhere north of the Sierra Madre Oriental and should extend around the periphery of the Yucatan platform, where these beds are probably mainly marls. On the Yucatan platform, Tertiary beds are primarily carbonate rocks and, except for some anhydrite beds, probably do not contain adequate cap rocks. Except for local areas of preservation, the Tertiary shale facies is absent in much of Chiapas, although it is somewhat more widespread but thinner in eastern Chiapas and Guatemala. Anhydrite beds, interbedded with carbonate beds in the Lower and "middle" Cretaceous sequence in Guatemala and much of Chiapas, should be efficient seals for the underlying reservoirs of folded carbonate or clastic beds.
TRAPS
Almost all of the carbonate Mesozoic oil accumulations in the Reforma and Campeche shelf provinces have been found on complexly faulted salt structures. Originally, both areas may have been giant stratigraphic accumulations (Viniegra-0., 1981) that were remigrated and segmented by Laramide structural growth and subsequent episodes of salt movement. Thrust or reverse and normal fault traps are documented on many of the structures, and local stratigraphic traps also may be present within the structural complexes. At least 200 undrilled structures in the Tabasco and offshore Campeche areas with probable salt cores are reported. Fields in the Rubelsanto area of Guatemala also are on salt structures, but these appear to be less complex. Salt structures also may be present in much of the remainder of the Peten basin, including the north basin where a significant discovery was recently announced (World Oil, 1981) . The numerous broad domal or anticlinal structures mapped on the Yucatan Peninsula and to the north on the offshore Yucatan platform may be flushed by meteoric waters from the exposed carbonate sequence on the peninsula. Likewise, the complex of anticlinal and fault structures in the Sierra Madre de Chiapas have undergone massive flushing of the carbonate reservoirs because of exposure and lack of adequate stratigraphic seals.
ANALOGS
Facies analogs to the Mesozoic-Tertiary carbonate bank province of southern Mexico and Guatemala are found in most of the equivalent age carbonate complex surrounding the Gulf of Mexico basin. The processes of organic carbonate buildups, postdepositional history, dolomitization, karstification,and brecciation by salt movements have in varying degrees similarly affected this reservoir and source rock facies in many other productive areas, including the Tampico-Golden Lane, Sabinas basin, and U.S. Gulf Coast areas.
PRE-OXFORDIAN MESOZOIC CLASTIC DEPOSITS
Thick sandstone and conglomerate beds are present in outcrops of the Todos Santos (red bed) Formation in Chiapas and Guatemala. These beds are pre-Oxfordian Jurassic and probably Triassic in age and may be in part as young as Early Cretaceous in southeastern Chiapas and Guatemala (Bishop, 1980; Vinson, 1962; Viniegra-0., 1971 Viniegra-0., , 1981 . In places, this section contains marine fossils, particularly in the upper part, and porous sandstones are present, although their distribution and reservoir character in the subsurface is relatively unknown because of lack of control. The facies apparently occurs throughout most of the region, having been reported in the subsurface as far north as offshore Campeche, Reforma, and the western part of the Isthmus Saline basin, as well as in wells on the Yucatan Peninsula. Much of the Todos Santos sequence is continental in origin and is unlikely to contain beds with sufficient organic material to serve as source rocks for petroleum. However, the upper, more marine part may contain more organic matter in places, particularly in the more basinal or graben-trough areas of the depositional province. The possibility of nonindigenous petroleum in these beds should be greater in structurally high areas where the underlying upper Paleozoic marine section may include source-rock beds, particularly in northern Guatemala and eastern Chiapas (Bishop, 1980) . Evaporites, which are interbedded with or overlie the Todos Santos in most of Chiapas, Guatemala, the Gulf coastal plain, and the offshore Campeche areas, provide a regional seal for these beds.
PALEOZOIC ROCKS
Pre-Pennsylvanian sedimentary rocks are metamorphosed wherever observed and, except for the possibility of anomalous fracture reservoirs, are unlikely to contain hydrocarbons. However, a sequence of marine Pennsylvanian and Permian rocks 2,000 m or more ( 6,600 ft) thick in places is known from outcrop studies in southeastern Chiapas and Guatemala and probably is widespread in the subsurface of Chiapas and Guatemala (figs. 5, 7) (Bishop, 1980; Paine and Meyerhoff, 1970; Garcia, 1973; Lopez-Ramos, 1969; Anderson and others, 1973; demons and others, 1974) . These beds are metamorphosed in places but may be unmetamorphosed in much of the subsurface. The lower part of the sequence consists of basal conglomerate, sandstone, and marine shale beds overlain by fossiliferous limestone and shale, some of which apparently have source-rock quality. Oil seeps are present in outcrops of these beds in Chiapas (Bishop, 1980) . The section is essentially unexplored for petroleum and is deeply buried in much of southeastern Mexico and Guatemala but is considered to have good potential for hydrocarbons in Chiapas and parts of Guatemala (Garcia, 1973; Bishop, 1980) . Regional cap rocks may not be present in the Paleozoic section, but the overlying Todos Santos clastic and evaporite beds should provide an adequate seal on structures.
Insufficient data are available for satisfactory analog comparisons with the upper Paleozoic section. However, this marine sequence was deposited in the Paleozoic geosyncline of Mexico, which is an extension of the Pedregosa and Delaware basin depositional province of southwestern United States and northern Mexico. There may be some similarities between the carbonate and clastic reservoir facies and potential source-rock facies of these two areas. Acevedo and Dautt (1980) report five giant oil fields (more than 100 MMB) in the Tertiary Isthmus Saline basin and three giant gas fields (more than 0.6 Tcf) in the Macuspana basin ( fig.  2) . Cumulative production through 1980 in the larger Isthmus Saline basin fields is as follows: Cinco Presidentes ( fig. 15 ) (227 million barrels of oil (MMBO)), El Plan (147 MMBO), Magallanes (126 MMBO), Orragio (119 MMBO), and Tonala'-El Burro (95 MMBO). Production in these fields is from Tertiary sandstones, mainly the lower Miocene Encanto Formation, on complexly faulted diapiric salt domes. The largest Macuspana basin fields are Jose Colomo, Chilapilla ( fig. 16) , and Hormiguero, all of which produce from faulted anticlines that may be related to deep-seated salt structures. These fields produce gas and condensate from sandstone reservoirs in the middle Miocene Amate Formation. Specific data on the Cinco Presidentes and Jose Colomo-Chilapilla fields are summarized in table 2.
GIANT FIELDS
TERTIARY BASIN FIELDS
REFORMA FIELDS
By January 1981, 36 fields had been discovered in the Reforma area. Four of these (Sitio Grande, Cactus, A. J. Bermudez complex, and Iris Giraldas complex) are reported as giant or supergiant fields (Acevedo and Dautt, 1980) . Production is from Cretaceous and Upper Jurassic microfractured dolomite reservoirs on complexly faulted salt structures. The A. J. Bermudez complex is a combination of four fields discovered between 1973 and 1977 , which with further development drilling, turned out to be part of a giant accumulation on a complexly faulted salt structure ( fig. 18 ). Production is from microfractured Cretaceous and Upper Jurassic dolomite reservoirs with pay thickness as much as 1,200 m (4,000 ft). By mid-1980. the complex had produced more than 2 BB of oil and more than 3 Tcf of gas. Because the reservoirs are undersaturated, an intensive waterflood project was set up early in the history of the field, and in 1981 more than 1,000,000 bbl/d of water were being injected (World Oil, 1981) . Detailed reservoir and production data for the main Reforma fields are summarized in table 2, and the general stratigraphic column of the area is shown in table 3.
OFFSHORE CAMPECHE FIELDS
By July 1980, production from the offshore Campeche fields was 784,000 bbl/d from 24 wells averaging more than 32,000 bbl/d each; in March 1981. production had increased to 1.3 million bbl/ d, mainly from the Cantarell complex. The Cantarell complex includes the Akal, Nohoch, and Chac fields, which make up a single supergiant accumulation (figs. 6, 19, 20, 21) . Production is from Paleocene and Cretaceous microfractured and vuggy brecciated dolomite reservoirs with pay thicknesses as much as 1,000 m (3,300 ft) or more. Production rates of individual wells are extremely high because of the intense fracturing of the reservoir rock. The structure of the Cantarell complex is complicated by normal, reverse, and wrench faults related to movement of the salt. All or parts of the Cretaceous section are missing in places (Acevedo and Dautt, 1980) . Another group of fields, the Abkatun-Kanaab-Taratunich-Ixtoc complex, is in the early stages of development but is predicted to be a second supergiant accumulation in this offshore area (Acevedo and Dautt, 1980) . Data pertinent to these two largest productive complexes are summarized in table 2, and the general stratigraphic column of the area is shown on table 3.
SUMMARY
GENESIS OF THE PETROLEUM DEPOSITS
The sequence of geological events that resulted
Average depth of undiscovered resources:
A. Oil-^,500 to 5,500 m B. Gas 5,000 to 6,000 m Analogs:
Tampico basin, Mexico; Persian Gulf; Permian basin, U.S.; western Gulf basin, U.S.; Arctic slope, U.S.
RESOURCE ASSESSMENT PROCEDURES
The resource assessment of this region was conducted by the Resource Appraisal Group (RAG) of the USGS, Branch of Oil and Gas Resources, following the standard procedures developed since 1974 for analysis of domestic petroleum resources. The technique, briefly, requires study of a given area paying particular attention to the geologic factors controlling the occurrence, quality, and quantity of the petroleum resource. Standardization of critical elements of the investigations is achieved by the preparation of data forms for each basin, which include specific volumetric, areal, and rock-quality measurements, as well as the determination of basin analogs for comparison purposes. In addition, finding-rate histories and projections are constructed where possible. From these data and analyses, various analytical techniques are used to calculate a set of resource numbers. Not considered in this assessment are resources of heavy oil deposits, tar deposits, and oil shales, as well as gas in low permeability reservoirs, in occlusions in coal, in geopressured shales and brines, and in natural gas hydrates.
The assessment process itself is subjective; the results of the geological investigation and of the resource calculations are presented to a team of assessment specialists who make their personal estimates, conditional upon recoverable resources being present. Initial assessments are made for each of the assessed provinces as follows: (1) A low resource estimate corresponding to a 95-percent probability of more than that amount; this estimate is the 95th fractile (F95). (2) A high resource estimate corresponding to a 5-percent probability of more than that amount; this estimate is the 5th fractile (F5). (3) A modal ("most likely") estimate of the quantity of resource associated with the greatest likelihood of occurrence.
The individual estimates are then posted and averaged, and the results are debated from the perspective of the personal experiences of the individual assessors; a second and third iteration of the procedure may follow depending on consensus. If no commercial oil has been heretofore discovered in the basin, then a marginal probability is subjectively assessed that reflects the probability that any commercial oil will ever be discovered. The results of the final estimates are averaged, and those numbers are computer processed by using probabilistic methodology (Crovelli, 1981) to show graphically the resource values associated with a full range of probabilities and to determine the 95th fractile, the 5th fractile, and the mean, as well as other statistical parameters.
ASSESSMENT
The locations of the southeastern Mexico, northern Guatemala, and Belize basins are shown in figure 1. Unconditional estimates by the USGS of oil and gas resources in these basins are shown in table 4 and in figures 22 and 23. Data supporting these estimates are supplied in table 5.
COMMENTS
The Reforma-Campeche reservoirs are salt assisted and apparently require assistance for fracturing.
The production between Reforma and Campeche is limited by a deep trough that places potential source rocks below oil or gas generation levels. An uplifted structural block is, however, inferred in the area, which is part of the exploration potential.
North of the offshore Campeche fields, production is limited by (1) loss of salt assist, (2) loss of seal (Tertiary deltaic and offshore marine sands and shales derived from the south), and (3) possible flushing from the Yucatan high to CretaceousJurassic outcrops on the seafloor.
The Ixchel well north of offshore Campeche, earlier reported as a discovery and later reported not to have been drilled, clouds the assessment of the north Yucatan platform area. This assessment assumes the well does not exist.
Most of northern Guatemala appears to be in a back-reef facies and probably not in a position to contain major resources. Inferences of reef development, however, lend some encouragement. A buried overthrust play in Veracruz basin is deep but promising.
Oil occurrence and entrapment in the area is a combination of many factors, each of which has unique areal limits; therefore, it is not reasonable to count structures and assume a percentage of discoveries. 'Pemex commonly reports barrels of oil equivalent at 5,000 ft'/bbl, but the 6,000:1 conversion is used here for comparability with other assessments made by USGS. 'Included 3 BB natural-gas liquids.
